ABSTRACT
the highly reactive singlet oxygen species ( 1 O 2 ) by energy transfer to oxygen. However, 1 O 2 32 involvement in M. xanthus light-induced carotenogenesis remains to be established. Here, we 33 present genetic evidence on the involvement of PPIX as well as 1 O 2 in light-induced 34 carotenogenesis in M. xanthus, and on how these are linked to CarF in the signal transduction 35 pathway. Response to light was examined in carF-bearing or carF-deficient M. xanthus strains 36 lacking endogenous PPIX due to deletion of hemB, or accumulating PPIX due to deletion of 37 hemH (hemB and hemH are early-and late-acting heme biosynthesis genes, respectively). This 38 demonstrated that light-induction of the CarQ-dependent promoter, P QRS , correlated directly with 39 cellular PPIX levels. Furthermore, we show that P QRS activation is triggered by 1 O 2 and is 40 inhibited by exogenously supplied hemin, and that CarF is essential for the action of 1 plates supplemented with 30 μM hemin and 10 mg/ml galactose to select for the loss of the 137 vector Gal S marker. This evicts the vector DNA either with the wild-type or the deleted allele by 138 intramolecular recombination to yield haploid Gal R Km S cells that were then diagnosed by PCR 139 to identify the strain bearing the deleted allele. These ΔhemB and ΔhemH strains were used as 140 recipient strains in electroporation with pMAR979, which contains 6.7 kb of M. xanthus 141 chromosomal DNA with an in-frame ΔcarF allele (23) to generate the ΔcarF ΔhemB and ΔcarF 142
ΔhemH strains by allelic exchange as before. Plasmid pDAH217 (Km R ) containing the P QRS -lacZ 143 reporter probe was introduced into each of these strains, and its expression level was estimated in 144 terms of β-galactosidase specific activity. 145 6 Extraction and analysis of PPIX from M. xanthus strains. PPIX extraction from wild-type, 147
ΔhemB, and ΔhemH M. xanthus strains and subsequent analysis by HPLC employed procedures 148 similar to those described elsewhere for E. coli (33). Cells from 100 ml cultures grown to 149 stationary phase (OD 550 of 1.7-1.8) were pelleted by centrifugation. The pellet was subject to a 150 rapid wash with pure ice-cold water and centrifuged. After repeating the process, the pellet was 151 lyophilized. For PPIX extraction, 20 mg of the lyophilized cell pellet was incubated with 5 ml of 152 a 4:1:1 mixture of N,N-dimethyl formamide:acetone:water for 2 h and at 4 °C in an 153 ultrasonicating water bath. Cell debris was removed by centrifugation at 31000 X g and 4 °C for 154 15 min, and the supernatant was analyzed for PPIX by HPLC, fluorescence and mass 155 spectrometry. 156 HPLC analysis was carried out using an AKTA HPLC unit (GE Life Sciences) and a 157
Waters Spherisorb 5 μm ODS2 (C 18 ) 4.6 X 250 mm analytical column (Waters Co., MA, USA) 158 with 0.1 M ammonium acetate, pH 5.1 (solution A) and methanol (solution B) as the mobile 159 phases. 1 ml of the cell extract supernatant was injected into the column after high-speed 160 centrifugation (16000 X g), and the porphyrins were separated using a 70-100 % B linear 161 gradient over 20 column volumes at a flow rate of 0.7 ml/min. Elution was tracked by the 162 absorbance at 406 nm, 505 nm and 539 nm, which correspond to the major and two minor 163 absorbance maxima for PPIX, respectively. Peaks were assigned based on the elution profiles for 164 pure PPIX and hemin standards. Integrated peak areas and standard curves from known PPIX 165 concentrations were used to estimate relative levels of PPIX in the different M. xanthus strains. 166 167 UV-visible and fluorescence spectroscopy. Absorption and fluorescence spectra were recorded, 168 respectively, in a Beckman DU-640 spectrophotometer and a Hitachi F-4500 spectrofluorimeter 169 equipped with a stirrer unit and a constant temperature circulating water bath. Samples in a 1-170 mm path length cuvette and at 25 ° C were excited at 405 nm with a slit width of 2. genes are distributed at distinct genomic loci and we focused our attention on two, hemB and 225 hemH, whose genomic contexts are shown in Fig. 2B . hemB encodes δ-aminolevulinic acid 226 (ALA) dehydratase, which acts early in the pathway prior to PPIX formation. Deleting this gene, 227 as in the ΔhemB mutant, would thus block PPIX biosynthesis. On the other hand, the hemH gene 228 encodes ferrochelatase, which is required to incorporate ferrous iron into PPIX to convert it to 229 protoheme ( Fig. 2A ). This step would be blocked in a ΔhemH mutant and, consequently, would 230 lead to a build-up of cellular PPIX (43). 231
Because heme is an integral part of the electron transport chain and thus an essential 232 cofactor in respiratory enzymes, mutants defective in heme biosynthesis in M. xanthus, an 233 obligate aerobe (17, 53), would be expected to be nonviable unless grown under conditions 234 where heme is supplied exogenously. This is usually achieved using hemin (PPIX-Fe 3+ chloride), 235 an oxidized form of heme usually found in extracellular environments, which bacteria can utilize 236 after taking it up via specialized hemin transporters (36, 37, 45, 62, 63). Although heme uptake 237 mechanisms of M. xanthus have not been characterized to date, its genome has several putative 238 heme/hemin transport, binding, and storage proteins, suggesting that M. xanthus can assimilate 239 exogenously supplied hemin (29). We found that we could generate in-frame deletions of hemB 240 and hemH by allelic exchange (see Materials and Methods) but these, as expected, were viable 241 only when grown in a medium supplemented with hemin. With hemin present at 5-30 μM, 242 growth of both the ΔhemB and the ΔhemH mutants in the dark was comparable to that of the wild 243 type (Fig. 2C , top panels) indicating that exogenous hemin up to 30 μM did not cause cytotoxic 244 effects. As reported previously for protoporphyrin-accumulating mutants in E. coli (16), the 245
ΔhemH mutant exhibited a reddish brown colour in the dark ( ΔhemB mutant or with the wild-type strain (Fig. 2D, top panel) . When subjected to PPIX 267 extraction procedures (Materials and Methods) and reverse-phase HPLC analysis, the ΔhemH 268 mutant yielded a major elution peak coincident with a pure PPIX standard that exhibited, on 269 near-UV irradiation, an intense fluorescence (Fig. 2D, bottom panel) . In comparison, the 270 intensity of the corresponding HPLC peak and its fluorescence were far weaker for wild type and 271 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from 11 undetectable for the ΔhemB mutant (Fig. 2D, bottom panel) . HPLC peak fractions obtained from 272 the ΔhemH mutant and the wild type, but not from the ΔhemB strain, yielded fluorescence 273 spectra with excitation and emission maxima at ∼400 nm and 628 nm, respectively, characteristic 274 of pure PPIX (Fig. 2E) . Mass spectrometric analysis of the HPLC-purified fraction confirmed the 275 presence of PPIX (m/z =563.5) in the wild-type and ΔhemH strains and its absence in the ΔhemB 276 one. Fluorescence and mass spectrometry (Materials and Methods) revealed that the PPIX 277 content in the ΔhemH mutant (∼2.9 μmol/mg dry cell weight) was about 30-fold higher than in 278 the wild type. In sum, we could generate ΔhemB and ΔhemH mutants that are viable when hemin 279 is provided exogenously and, while the ΔhemB mutant lacks PPIX, the ΔhemH mutant 280 accumulates PPIX to levels that significantly exceed those in the wild type. 281
282
Hemin inhibits light-induced P QRS expression. Because viability of the ΔhemB and ΔhemH 283 mutants depends on the addition of exogenous hemin, we first examined if hemin at 284 concentrations in the range necessary for growth of these mutants affected light-induced 285 carotenoid synthesis in the wild-type strain. For this, we checked the colony color phenotype as 286 well as the activity of P QRS , the promoter that drives expression of the regulatory carQRS operon 287 early in the transcriptional cascade. The colony color change from yellow to red due to 288 production of carotenoids when wild-type cells are exposed to light (the Car + phenotype) was 289 progressively less noticeable as the concentration of hemin increased (Fig. S4) , and expression of 290 the P QRS -lacZ reporter probe decreased correspondingly (Fig. 3A and S2 ). While this could be 291 related to heme homeostasis and downregulation of the heme/tetrapyrrole biosynthesis pathways 292 by hemin (1, 36, 46, 62, 66), we did not detect any significant difference in the PPIX content of 293 wild-type cells grown with or without 30 μM hemin, when estimated as described in the previous 294 section. This suggests that inhibition of light-induced P QRS expression by hemin added 295 exogenously may not be due to changes in cellular PPIX levels. As discussed below, it may be 296 (Fig. S4) nor the light-induced expression of the reporter P QRS -lacZ probe 306 observed for the wild-type cells under similar growth conditions ( Fig. 3B and S2 ). By contrast, 307 the ΔhemH mutant, that accumulates PPIX to high levels, produced the intense red Car + color 308 phenotype (Fig. S4) and showed a remarkably enhanced activation of the P QRS -lacZ reporter 309 probe in the light (Fig. 3C and S2 ). This is particularly noteworthy given that at 30 μM hemin 310 (which is necessary to sustain viable growth of the ΔhemH mutant) the Car + color phenotype and 311 reporter P QRS -lacZ expression were strongly suppressed in the wild-type strain (Fig. 3C, S2 , and 312 S4). Thus, the results obtained with the ΔhemB and ΔhemH mutants indicate that light-induction 313 of carotenogenesis in M. xanthus involves cellular PPIX and that the response is magnified with 314 increasing PPIX. Consistent with this, addition of PPIX to the medium also strongly enhanced 315 the response to light in the wild-type strain. Moreover, supplying exogenous PPIX restored the 316 Car + color phenotype in the ΔhemB strain and the ability to activate P QRS -lacZ expression in the 317 light ( Fig. 3B and S4 (Fig. 4A ). In agreement with the colony 344 color phenotype, expression of the P QRS -lacZ reporter probe under red light was observed only in 345 the presence of MB and absence of DABCO in the medium (Fig. 4B) Reporter P QRS -lacZ expression levels decreased when wild-type cells were grown under 353 red light and MB with increasing amounts of added hemin (Fig. 4C) , just as was observed under 354 blue light (Fig. 3A) . (Fig. 2B and  372 5A). The ΔcarF ΔhemH mutant, on the other hand, was viable and grew like the ΔcarF mutant or 373 the single ΔhemH mutant in the dark but showed impaired growth in the light at any of the three 374 concentrations of hemin used (Fig. 2B and 5A ). This behavior of the ΔcarF ΔhemH mutant not 375 only differs from that of the ΔcarF mutant, which grew in the light regardless of the 376 concentration of hemin, but also from that of the single ΔhemH mutant, which did grow in the 377 light when hemin was present at 30 μM. The ΔcarF ΔhemH double mutant should accumulate 378 high levels of PPIX, like the single ΔhemH mutant, because in both cases conversion of PPIX to 379 to protoheme is blocked. However, while carotenoid production occurs in the ΔhemH mutant 380 (Fig. S4) , it would be absent in the ΔcarF ΔhemH double mutant because, as noted above, 381 type strain is abolished in the ΔcarF genetic background. Furthermore, while supplying 10 μM 392 PPIX exogenously considerably enhanced P QRS expression in the wild type, it failed to do so in 393 the ΔcarF mutant. Likewise, light-induced P QRS -lacZ expression in the ΔhemB mutant in the 394 presence of 10 μM exogenous PPIX was eliminated in the ΔhemB ΔcarF double mutant (Fig.  395 on October 28, 2017 by guest http://jb.asm.org/
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16 5B). The ΔhemH mutant accumulates high levels of endogenous, cellular PPIX and, 396 consequently, exhibits a markedly enhanced expression of reporter P QRS -lacZ in the light (Fig. 2,  397 3C, and 5C). However, the high susceptibility to photolysis of the ΔcarF ΔhemH mutant 398 prevented reliable estimates of P QRS -lacZ activity in the light in this double mutant, with any 399 attempts to do so revealing essentially no activity (Fig. 5C) . Nonetheless, the absence of P QRS -400 lacZ activity on deleting carF whether in the wild-type or in the ΔhemB genetic background even 401 if PPIX is supplied exogenously (Fig. 5B) indicates that PPIX-based light sensing is incapable of 402 activating P QRS when CarF is unavailable. 403 1 O 2 generated using red light and MB, thereby bypassing PPIX and blue light, activated 404 P QRS expression in the wild-type and ΔhemB mutant strains (Fig. 4B) , but failed to do so in the 405
ΔcarF strain (Fig. 5D) Sensing of the light signal that triggers the transcriptional response leading to 412 carotenogenesis in M. xanthus is achieved by two distinct mechanisms, neither of which is based 413 on conventional photoreceptor proteins (Fig. 6) . Interestingly, both depend on cyclic 414 tetrapyrrole-derived molecules. In one, which we described recently, a novel type of 415 photoreceptor protein that employs a specific B 12 form, 5´-deoxyadenosylcobalamin, as the light-416 sensing cofactor represses transcription in the dark, but is inactivated by light so that gene 417 expression is turned on (48). The present study provides genetic evidence for the other light-418 sensing route in M. xanthus carotenogenesis, which is based on PPIX, as was proposed from 419 early work on the action spectrum of carotenogenesis (12). We also show here that generation of 420 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from 1 O 2 is the signal that triggers carotenogenesis and that transduction of this signal absolutely 421 requires CarF (Fig. 6) . 422 PPIX is the immediate biosynthetic precursor of heme, the essential cofactor in 423 respiratory enzymes and thus indispensable in an obligate aerobe such as M. xanthus. We find 424 that light induces carotenogenesis in wild-type cells, which accumulate low levels of endogenous 425 PPIX at stationary phase (11) (Fig. 2D, E) CarF is the antagonist of the anti-σ factor CarR, and that the two membrane-associated proteins 443 interact physically (23, 26). CarR also forms a complex with the ECF σ factor CarQ, and a light-444 dependent degradation of CarR has been proposed as the mechanism by which the complex is 445 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from 18 disrupted on illumination to release CarQ and set off the transcriptional cascade that leads to 446 carotenogenesis (10). However, the exact mechanism for CarR inactivation in the light and 447
whether it involves a specific protease and, if so, its identity are unknown. Also, whereas CarR 448 interacts physically with CarQ and CarF, CarF and CarQ do not interact with each other (26) . 449
This suggests that the three proteins likely occur as a ternary complex in the dark, with no direct 450 contacts between CarF and CarQ (Fig. 6) Rhodobacter sphaeroides (2), possibly in the related aerobic anoxygenic phototroph Roseobacter 457 denitrificans (6), and in the non-phototrophic Caulobacter crescentus (40). However, there are 458 some noteworthy differences between these α-proteobacteria and the non-phototrophic δ-459 proteobacterium M. xanthus that should be pointed out. ChrR, which has no predicted 460 transmembrane region, is a two-domain protein with a conserved structural N-terminal anti-σ 461 module that contains the ZAS (for Zn 2+ Anti-σ) motif (13). By contrast, CarR, with no sequence 462 or predicted structural similarity to ChrR, is a membrane protein with six predicted 463 transmembrane regions and no ZAS-motif (Fig. S5) residues. H residues in CarF and a C that is highly conserved in Kua proteins (Fig. S1) are 691 indicated. Residues that have been mutated to A are indicated with circles, with those affecting 692
